2 ABSTRACT A novel one-pot method was developed in this work to synthesize and disperse nanoparticles in a binary base fluid. As an example, stable magnetite iron oxide (Fe3O4) dispersions, i.e., nanofluids, were produced in a high ionic media of binary lithium bromide-water using a microemulsion-mediated method. The effects of temperature and precursor concentration on morphology and size distribution of produced nanoparticles were evaluated. An effective steric repulsion force was provided by the surface functionalization of nanoparticles during the phase transfer, supported by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. The formed nanoparticles exhibited a superior stability against agglomeration in the presence of high concentrations of lithium bromide, i.e., from 20 to 50 wt.%, which make them good candidates for a range of novel applications.
Introduction
Formulating stable nanoparticle dispersions (i.e. nanofluids) are fundamental to a wide range of applications, from materials processing, chemical reactions to heat transfer intensifications [1, 2] . Most of the formation processes are based on a two-step method [3] . In this method, nanoparticles need to be produced first, followed by complicated processes including particle purification, separation, drying, packaging and storage, which produced many agglomerations.
Such particles are then dispersed into a base fluid under suitable ionic or surfactant conditions [4] . Considering the close relationship between the structures and properties, the dispersed status of nanoparticles in the fluid plays a crucial role in determining the effective properties of the dispersion. The one-step method, which produces and disperses nanoparticle into the required fluid simultaneously, looks very appealing. Most of the one-step methods have been focused on dispersing particles into a single base fluid [3] .
Microemulsions have recently received intensive interest for the synthesis of nanomaterials.
The nanodroplets inside a microemulsion behave as energetic barriers that prevent ion-ion encounters of the precursors and surfactants around droplets, contributing to the steric stabilization of droplets [5] . Some surfactant molecules inside the droplets can also affect the growth of different facets of nanoparticles, leading to the production of particles with different morphologies and improved stabilities [6] . Different particle morphologies including spheres, rods and disks can be produced by properly adjusting the controlling parameters such as surfactant concentration, mole ratio of water to surfactant, oil and co-surfactant, and reaction temperature [7] [8] [9] . Such versatility makes microemulsion a promising method to produce particles with controlled size, shape, homogeneity, stability and functionalizing surface area.
Microemuslisons have been successfully used to produce different iron oxide nanoparticles [10] [11] [12] . The research regarding the synthesis of stable nanoparticles in a high ionic media of lithium bromide (LiBr) solution, however, has never been reported.
Binary fluids have many unique applications in a variety of fields. For instance, LiBr-water binary is an effective working medium for absorption refrigeration systems and is suitable for many solar-based applications including solar thermal air conditioning [13, 14] . It has been reported that dispersing suitable nanoparticles into a base fluid can trap more solar light energy and improve significantly the system energy efficiency [15] . Among various particles investigated, Alfaro et al. [16] experimentally showed that iron oxide nanoparticles were very promising in absorbing solar energy. However the stability of nanoparticles in a high ionic media of LiBr is a big challenge. The challenge lies on the dominance of the combined magnetic and van der Waals attractive forces. Simply relying on the steric repulsion force in the ionic media, where electrostatic double layer (EDL) repulsions are insignificant, is difficult to achieve the stabilization. The ionic media would compress the EDL around nanoparticles and cause the formation of aggregates. Formulating stable nanoparticle dispersion in an ionic binary fluid becomes a key issue to advance its applications. Sesen et al. produced high stable super paramagnetic iron oxide nanofluids by functionalizing particles with a bilayer of lauric acid [17] .
The experimental results showed that this type of nanofluids were able to improve heat transfer under both single and two phase conditions, and the stability of nanofluids could be improved by applying magnetic actuation [17, 18] . There were a few prior studies investigated the stability of iron oxide nanoparticles in ionic strength media [19, 20] , but focused on the short term effect, i.e., a few days.
In this study, we present a novel one-pot microemulsion method to synthesize iron oxide nanoparticles with a narrow size distribution and robust surface functionalization. The proposed method provides a facile functionalizing strategy for separating nanoparticles from the oil phase.
The functionalization includes the formation of a bi-ligand surfactant around nanoparticles during the phase transfer of nanoparticles from the oil phase to water phase after the reaction inside microemulsions. The bi-ligand layers serve as excellent steric stabilizers to prevent the flocculation and aggregation of nanoparticles. The long term stability of nanoparticles was analyzed in binary base fluids containing 20, 30, 40 and 50 wt.% LiBr salt and the results confirmed the prosperity of our new synthesis method. Investigation the effect of temperature and precursor concentration on the morphology change is another aspect of novelty in current research.
Materials and Experimental Methods

Materials and Characterization
Analytical grade materials including cyclohexane, sorbitanemonooleate (Span 80, HLB=4.3), polyethylene glycol sorbitanmonolaurate (Tween 80, HLB=15), propyl alcohol, sodium hydroxide, ferric chloride (FeCl3), ferrous chloride (FeCl2), LiBr and citric acid were purchased from Sigma-Aldrich and used without further processing.
The morphology and size distribution of produced Fe3O4 nanoparticles were analyzed by Transmission electron microscope (FEI Tecnai TF20 TEM). High resolution TEM (FEI Titan Themis 300), which is equipped with super-X EDX system with 4-detector, was used to study the crystal lattice and elemental composition of nanoparticles. Zeta potential and hydrodynamic size of nanofluids was analyzed using Malvern Zetasizer Nano-ZS (Malvern Instruments, UK) and the measurement of UV/visible absorption spectra of nanoparticles was performed by a UV 1800-spectrophotometer (Shimadzu Corporation, Japan). The stability of nanoparticles over flocculation and sedimentation was characterized by a dispersion analyzer centrifuge (LUMiSizer 6110, Lum GmbH, Berlin, Germany). Varian 240FS atomic absorption spectrophotometry (Varian Ltd, USA) was applied for the determination of iron oxide concentration.
Synthesis of Iron Oxide Nanoparticles
Based on our previous experience [21] , water/cyclohexane/Span 80-Tween 80/isopropyl alcohol were selected to form reverse microemulsions with the minimum average droplet size and polydispersity. The Massart co-precipitation method was used for the production of magnetite nanoparticles according to the following reaction [22] : FeCl2+ 2 FeCl3+ 8NaOH→ Fe3O4+ 8NaCl+ 4H2O
(1) Table 1 shows the concentration and temperature condition of several experiment runs. The concentrations of other components were prepared based on chemical stoichiometry with ferrous chloride.
The reverse microemulsion was prepared by mixing 1 ml of deionized water containing FeCl3and FeCl2 with a mixture of 8 ml cyclohexane, 0.05 g Span 80-0.45 g Tween 80 and 0.5 ml propyl alcohol for 1 hour under magnetic stirring. One ml of sodium hydroxide solution as the precursor was added drop wise to the reverse microemulsion for a period of 10 minutes. The mixture was stirred over 4 hours to reach the equilibrium. A trial was performed without using any surfactant in the mixture to compare with the reverse microemulsion method.
Results and Discussion
Separation of Nanoparticles Fig. 1(a) shows the image of the final reactant dispersions for different experimental runs. The change in the color of final dispersion suggests the presence of different sizes of Fe3O4 nanoparticles. One trial was done with a water/alcohol/cyclohexane system without using any surfactant ( Fig. 1(b) ). The black color and adsorption of the suspension by a magnet show the formation of a magnetic fluid with large particle size.
In order to separate Fe3O4 nanoparticles from the reaction dispersion, a neodymium-samarium cobalt magnet (18 kg pull force) and a centrifuge (Thermo Scientific megafuge 16R) were tried.
The dispersions were centrifuged for 30 minutes at the speed of 13000 rpm. The comparison of the results before and after showed a negligible effect of the centrifugation effect on the separation of nanoparticles. Also, the efficiency of separation by a strong magnet was too low to have a good separation. The small size of nanoparticles and functionlisation with surfactants show a great resistance of nanoparticles against separation by a centrifuge or magnet [23] .
Phase Transformation of Nanoparticles
Phase transformation is another strategy for the separation of nanoparticles. During the phase transformation, the ligands on the surface of nanoparticles are modified to generate new binding ligands. The work of Sperling and Parak [24] showed that such modification could transfer the formed nanoparticles from the original nonpolar environment (i. e., organic phase) to a polar aqueous phase. In addition, the presence of ligand could also provide the colloid with an increased stability, e.g. by exchanging hydrophobic with the hydrophilic ligands.
Similar strategy was used in our experiments. Fig. 2 (a) shows the dispersion of nanoparticles in an organic phase after the separation of reverse microemulsion in Case 2. By adding some droplets of acetic acid to the dispersion, iron oxide nanoparticles were transferred to the water phase ( Fig. 2(b) ). As schematically illustrated in Fig. 2 (c), surfactant covers iron oxide nanoparticles with the hydrophilic head group and the hydrophobic tails cause the nanoparticles to disperse in cyclohexane.
The addition of acid may add a new layer of surfactant molecules on the original ligand of nanoparticle surface, which changes the hydrophobicity to hydrophilicity [24] . The validity of shown schematically in Fig. 2(c) .
The concentration of LiBr in the absorption refrigeration system is varied within (10-50%),
and these values differ from one design to another. Moreover in the same system, the concentration varies from the generator and the absorber [25, 26] . In this study, LiBr/water nanofluid was produced after the phase transformation of nanoparticles, separation of water Table 2 .
In order to evaluate the efficiency of proposed one-pot method, the oil phase was separated and reused for nanoparticle synthesis. For this purpose, the above oil phase for Case 6 ( Fig.   2(b) ) was separated from the aqueous phase. The weight of recovered oil was 6.8 g, which showed 85 % recovery of oil phase. It is expected that with further improvement of the facility in large scale process, the recovery percent can be increased. Nanoparticles were synthesized again according to "Synthesis of Iron Oxide Nanoparticles" section and conditions of Case 6.
Just instead of pure cyclohexane, the recovered oil phase was used.
TEM and UV-visible Analysis conditions. It is clear that prepared iron oxide nanoparticles were spherical at low reactant concentrations while the morphology was shifted to rod shape by increasing the concentration.
The fraction of spherical nanoparticles was higher in samples produced in room temperature. The increase of temperature increased the tendency of nanoparticles to be converted into rod morphology. The reasons for this morphology change will be described in section 3-4.
Image processing is one of the accurate methods for size distribution evaluation [27, 28] . For instance, Gontard et al proposed a simple algorithm for the measurement of nanoparticles size distribution using image processing [29] , and found that the proposed method had greater accuracy for particle characterization than the conventional methods. Photoshop software was used for analysis images in different scientific topics (e.g. medical, food, engineering) as robust image processing software [30] [31] [32] . In this study, the size distribution of nanoparticles was estimated from at least 100 nanoparticles via image processing of TEM photos by photoshop 7
software, which is illustrated in Fig. 6 . The equivalent size and aspect ratio of rod shape nanoparticles were calculated by following equation: 
where AS is aspect ratio (-), De is equivalent size (nm), S is length of scale bar of TEM photo (nm), A is total pixel area of a single nanoparticle (#) and Ps is total pixel area of a square (S×S) on TEM photo calculated by photoshop software. Table 2 represents the average size and polydispersity index of nanoparticles which were synthesized at different runs. Fig. 7 shows the TEM images of nanoparticles which were synthesized using the recovered oil phase, after second phase separation. The average size and polydispersity index of rod shaped nanoparticle based on TEM image was estimated as 12.88 nm and 0.026 respectively. The average size is near to case 6 (Table 2) , which shows the ability of recovered oil phase for once nanoparticle synthesis. Fig. 8 illustrates the UV/visible absorption spectra of final reactant dispersion of different experimental runs. The shift of UV spectra to right side is because of increasing concentration of iron oxide nanoparticles in different cases; however the change of morphology also affect on adsorption spectra. The adsorption band of spectra shows the excellent capability of iron oxide nanoparticles in the visible light spectrum, especially the rod shaped particles with large aspect ratios, which is promising for potential photo-thermal conversion applications [33] .
Proposed Formation Mechanism of Nanoparticles with Different Morphologies
Several researchers have observed the effect of surfactant type [34, 35] , changing temperature or concentration of reactants on the morphology of nanoparticles [36, 37] . Fig. 10(a) shows the formation of iron oxide nuclei in a reverse microemulsion droplet. The sodium hydroxide agent converts Fe 3+ and Fe 2+ into iron oxide atoms inside droplets. At low concentrations, these oxides present as spherical nuclei, inside droplets, and the growth is limited due to low number of atoms, leading to the production of small spherical particles inside the droplets (i.e. Case 1). Further increase of reactant concentration leads to an increase of the ion occupancy and iron oxide atoms formation per reverse droplet, which promotes the growth of spherical nuclei.
As the surface energies of crystal facets are different, the capping agents such as surfactants can bind specifically to particular facets, hence lowering the surface energy [38] . For instance, usually surfactants prefer to attach on the (100) facet rather than (111) facet, which leads to an ordered anisotropic growth to produce nanorods particle [39, 40] . Crystallography of Fe3O4 naanoparticles are inverse-spinel crystal with face-centered cubic, structures (Fd3m space group) [41] . Several work have reported the elongation of magnetite iron oxide crystal based on (110) plan [42] [43] [44] , (100) plan [45, 46] , and (111) plan [47, 48] , which formed nanorods morphology.
Wang et al. observed a lattice spacing of 0.48 nm for Fe3O4 nanorods particles in HRTEM
image which is in agreement with the distance between the (111) lattice planes and confirmed the preferred growth direction was (110) [49] . On the other hand, Mathur et al. and Han et al.
observed lattice spacing of 0.298 nm, which match well with the (220) lattice planes and confirmed that the nanorods grew along (110) direction [50, 42] . Fig. 9 shows our HRTEM images and EDEX analysis of spherical and rod shaped iron oxide nanoparticles. According to HRTEM, the lattice planes was measured equal 0.29 nm, which shows (110) plan as a preferred growth direction for iron oxide nanoparticles. EDEX analysis of rod shaped iron oxide nanoparticles showed a strong peak in graph at 6.4 keV (Fig. 9(d, e) ) corresponding to the iron element. An extra peak of carbon and cupper were observed on EDEX graph, which was due to the carbon coated copper TEM grids used.
It was observed that some specific surfactant blend systems have greater performance than the individual surfactant [51, 52] . Bera et al. [53] showed that nonionic/cationic surfactant mixtures have lower surface tension than nonionic/anionic surfactant mixture due to a synergistic effect. The synergistic effect of surfactant blend is due to the contributions of surfactant's headgroup, which enhance one another performance. Generally, this synergistic effect produces more compact micelles with smaller size. Posocco et al. [54] also revealed a significant synergistic effect between Tween-Span surfactants molecule. They showed that low molecular weight Span molecules occupied free spaces between the much larger, bulky Tween compounds.
Similarly, in our case the Span-Tween surfactant molecules inside the water droplets began covering, via adsorption or selective bonding, to the specific facets of iron oxide nanoparticle, which modified the surface growth rate (Fig. 10(b) ). A selective adsorption/bonding on preferred facets (110) would provide some surface passivation selectively, blocking some reaction sites.
The facet which possesses higher surface energy was eliminated during the growth while the facet with more tightly packed surfactant layer had less participation in the spherical nuclei growth. This would lead to a directional growth of crystal along [110] plan, which lead to the formation of rod shaped particle as schematically shown in Case 3.
An increase of the reaction temperature also promoted the formation of rod-shaped particles (i.e. Case 4 and 5), which shall be caused by three main reasons. Firstly, with the increase of the temperature, the vibration energy of surfactant molecules at oil/water interface increases, which lead to their separation from interface and movement to oil or water bulk phase. Therefore the rigidity of reverse droplets interface would be decreased, which is further promoted by the shear rate direction during the mixing (Fig. 10(c) ). The tendency of deformation of water droplets in specific direction is advantageous for the growth of the nuclei along its preferential direction (i.e.,[110] path). Secondly, an increase in temperature will increase the rate of formation iron oxide reaction by increasing the fusion and fission of water droplets, leading to elongated droplets. Finally the higher temperature helps the completion of iron oxide crystalline state by increasing the reaction rate. A combination of a high concentration and high temperature produced the iron oxide nanoparticles with the largest aspect ratios, showing the best absorption capability, especially in the visible light spectrum, Fig. 8 . Similar observation on the effect of temperature was also reported by Li et al., [55] who reported a morphology change from a sphere into a rod-like shape for TiO2 nanoparticles at higher temperature.
Stability Analysis
As a direct and absolute technique it requires no calibration or measurements of standards.
Analytical centrifugation as a direct and absolute technique, is a powerful technique for the characterisation of nanoparticles in colloidal systems [56] . For instance, Chiu et al. showed that the results of LumiSizer were comparable with those obtained using dynamic light scattering, scanning electron microscope and zeta potential analysis [57] . In this study, a dispersion analyzer (LUMiSizer 6110) instrument was used to determine the stability of LiBr nanofluids. The stability was analyzed by recording the transmission of near-infrared light during centrifugation of nanofluid. The variation of the light extinction curves after centrifugal provided a qualitative description, a rigorous formulation can provide detailed quantitative characterization.
The iron oxide dispersion in LiBr nanofluids (0.5 ml) was filled in a polycarbonate capillary cell and centrifuged for about 3 h (255 profile and 44 interval) at 3150 rpm (light factor 1, 25 ºC, 870 nm NIR LED), which is equivalent to 6 months in real conditions. The correlation between real time and centrifuge time is presented in "Calculation of the total measurement time for
LUMiSizer 6110" part of supplementary document. The stability analysis was performed three times for nanofluid without LiBr to evaluate the repeatability. The results were represented in Table 3 and supplementary document (Repeatability of Lumisizer analysis part). The results of repeatability showed the validity of the centrifuge method for stability analysis of nanofluids.
The instability profile and final instability index of binary nanofluids at different LiBr concentrations were illustrated in Fig. 11 and Table 4 . According to Table 4 , by increasing the concentration of LiBr, the instability index was increased Light transmission of LiBr nanofluids at 50 wt.% of LiBr was shown in Fig. 12 . The transmission curves of the formed LiBr nanofluids display a region of complete absorption, which indicates the formation of sediment under the centrifugation. The light transmission of all samples in Fig. 12 shows a polydisperse sedimentation pattern without observing any particleparticle agglomeration and flocculation [58] . However the intensity of sedimentation increases for samples either at higher concentration of iron oxide or particles with large aspect ratios. The thin width regions of transmission curve imply high stability of samples for a long period of time. The zeta potential values of iron oxide nanofluid for different experimental runs with and without LiBr are presented in Table 3 .
The zeta potential value of nanofluid is a measure of electrical double layer repulsion force between nanoparticles. Nanofluids with zeta potential between 40-60 mV have an acceptable stability by electrostatic repulsion [4] . Table 3 shows that the zeta potential of nanofluids after addition 30 wt.% LiBr salt decreases to a value between 1-3 mV. With more addition of LiBr salt (50 wt.%), the zeta potential decreases below 1 mV, which suggests the presence of thin and compressed double layers around nanoparticles. It can be concluded that the favorable functionalizing around iron nanoparticles ( Fig. 2(c) ) was provided by a strong steric repulsion between particles. In fact the low Hamaker constant, small size and good functionalizing of iron oxide nanoparticles made them stable in high ionic media of LiBr over several months. The TEM photo of iron oxide nanoparticles inside binary nanofluids (50 wt.% LiBr-Case 1) after six month's immobility is shown in Fig. 13 . According to TEM photos of Fig. 13 any aggregation or corrosion has not been occurred for nanoparticles in LiBr solution. The visual observation of nanofluids after six months also have not shown any sedimentation for nanoparticles, which verified the long shelf-life of binary nanofluids (Fig. S5 ).
To confirm the dominant effect of steric stabilization, the interaction energy profiles for iron oxides nanoparticles were calculated using the DLVO theory for two same sized sphere-sphere geometries ( Fig. 2(c) ). The four major interaction energies of Van der Waals (WVdW), steric repulsions (Wsteric), magnetic attractions (WM) and electrostatic double layer (WDL) were considered. The correlations for estimation different interaction energy were provided in supplementary documents. All the parameter values used in the calculations are presented in Table 5 . The predicted interaction energy between nanoparticles that stabilized by adsorbed double layer of surfactant in 50 wt% of LiBr salt is plotted in Fig. 14 . kT, aggregation of nanopartiles is likely to occur [59] . However for our case, there is a sufficient energy barrier existing to prevent nanoparticles to form aggregation, and any weak aggregation should be disrupted by thermal motion as reflected by the strong stability, showing in Fig. 12 .
Conclusion
In this study, stable iron oxide dispersions in LiBr/water were produced for many potential applications. The uniform spherical and rod shape nanoparticles were produced by the reverse microemulsion method. The morphological characterization showed that nanoparticles obtained with lower concentration were small, spherical and monodispersed, while the particles were 
